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Abstract
In this work, we present a quasiparticle strategy to study the Hamiltonian description of the stationary states for
two quantum dots–cavity system. We consider three different effective schemes of quasiparticles that give an in-depth
insight into the physics involved in the Hamiltonian eigenstates for parameters that optimize or minimize the energy
gap condition. We analyze features of quantum measures like fractional composition, linear entropy, and concurrence
to observe which one description gives the complete physical information. Our findings show that a polaritonic—light-
matter quasiparticle—approach catch better the physics contained in the whole regimes considered.
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1. Introduction
The emission of light in many solid state systems has
been of broad interest in the last years [1, 2, 3], espe-
cially active media like quantum wells [4, 5, 6], quan-
tum wires [7, 8, 9], and quantum dots (QDs) [10, 11]
embedded in a microcavity. Some of these works show
that it is possible to find different ways to get coherent
light from the system. In particular, J. Bloch’s group
has shown that it is possible to achieve coherent emis-
sion of light with and without population inversion [12,
13], which have suggested reviewing the role of quantum
correlations between radiation and matter. Additionally,
in the linear quantum regime, i.e., low external pump-
ing, new single photon sources have been developed; they
are promising candidates to be included in outstanding
quantum technologies [14, 15, 16]. Quantum coherence
in QDs molecules—that can be built up isolated or im-
mersed into microcavities—has been accounted for and
measured extensively [17, 18, 19, 20, 21, 22, 23, 24]. A
plethora of quantum effects due to quantum correlations
in strongly coupled QDs allows the semi-conductor com-
munity to develop applications on quantum computing,
quantum cryptography, optical bistability (non-linear re-
sponse) [25, 26], quantum teleportation, entanglement in
QD molecules [27], and induced transparency [28].
Theoretically, models that imply the concept of quasi-
particles like plasmons, polarons, phonons, excitons, and
polaritons, among others, have been widely used to de-
scribe condensed matter systems [13, 29, 30, 31, 32]. How-
ever, the remaining question is: what is the most useful
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representation, in terms of quasiparticles, to understand
the effective mechanisms that are involved in the physi-
cal description of the coupled quantum radiation-matter
problem? To give some insights, that allow understanding
the main components of this problem, we tackle a partic-
ular situation: two interacting QDs embedded in a micro-
cavity. For this system, we consider three possible effec-
tive representations in terms of quasiparticles, which are,
non-interacting picture, molecular picture, and polaritonic
picture. We focus our analysis on specific situations that
show different critical regimes for energy bandgaps.
The paper is organized as follows: in section 2, we
describe the system and the theoretical framework, em-
phasizing different approaches that account for the main
features of the quasiparticle scheme. Then, in section 3,
we characterize three stationary operational regimes for
the system, and we compare the three different quasipar-
ticle schemes to analyze the involved physical mechanisms.
Finally, in section 4, we summarize and conclude.
2. Physical System and Theoretical Framework
We consider two QDs embedded in a microcavity. Each
QD can interact with the other and with a single cavity
mode ωc, as depicted in Fig. 1. The following Hamiltonian
models the system:
H = ~ω1σ†1σ1 + ~ω2σ
†
2σ2 + ~ωca
†a
+ ~g1
(
aσ†1 + a
†σ1
)
+ ~g2
(
aσ†2 + a
†σ2
)
(1)
+ ~T
(
σ1σ
†
2 + σ
†
1σ2
)
,
where ωc is the cavity frequency, ωi (i=1,2) are the QD free
frequencies, gi are the light-matter interaction strength co-
Preprint submitted to Physica B. August 9, 2019
ar
X
iv
:1
90
8.
03
15
0v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
8 A
ug
 20
19
Figure 1: Schematic representation of two interacting quantum dots
embedded in a microcavity, g1 and g2 are the interaction radiation-
matter couplings and T is the tunnelling coupling constant.
efficients of the QDs with the cavity mode, and T is the
tunnelling constant between the two QDs. In the follow-
ing, we consider ~ = 1. As usual, the processes of creation
and annihilation of photons in the cavity mode are de-
scribed by the operators a† and a, while the creation and
annihilation of excitations in the QDs are described by the
operators σ†i (σi), respectively.
Since three parts compose our system, we discuss three
different approaches to assess stationary eigenstates. We
take into account an effective quasiparticle picture. In the
first case, we use a bare basis, i.e., the basis that corre-
sponds to the eigenvectors of the non-interacting Hamil-
tonian —see Fig. 2 (a)—. Then, in the second case, we
discuss the interaction between the cavity mode and the
molecular modes that arise from the tunnelling coupling.
To do that, we diagonalize the subspace that involves the
isolated matter states getting a new basis which corre-
sponds to molecular dressed states —Fig. 2 (b)—. Finally,
we consider a polaritonic basis; this one is obtained by di-
agonalization of the subspace composed by one QD state
and the photonic mode —Fig. 2 (c)—.
2.1. Quasiparticle Pictures.
To build up the basis sets, previously described, we
constrain the Hamiltonian representation up to the first
excitation manifold (Λ1). The three basis sets correspond
to the following cases.
2.1.1. Bare States Picture
Henceforth, we use the common occupation number no-
tation, |Cavity,QD1,QD2〉, for naming the Hilbert space.
Then, the bare basis is shaped like |1,G,G〉, |0,X,G〉,
|0,G,X〉. The following expression corresponds, in the
bare basis, to the matrix representation of the Hamilto-
nian (equation (1)):
H =
 ωc g1 g2g1 ω1 T
g2 T ω2
 (2)
2.1.2. Molecular Basis Picture
To take into account the effects of tunnelling interac-
tion, we build up a new basis using the molecular dressed
states of the following Hamiltonian
HQD1−QD2 =
(
ω1 T
T ω2
)
, (3)
the dressed eigenstates are
|m˜+〉 = cos θm |X,G〉+ sin θm |G,X〉 ; (4)
|m˜−〉 = − sin θm |X,G〉+ cos θm |G,X〉 , (5)
and the corresponding eigenvalues are
E± =
1
2
(ω1 + ω2)± 1
2
√
(ω1 − ω2)2 + 4T2. (6)
Additionally, we define the ground state for the molecule
as |m˜0〉 = |G,G〉. Using these eigenstates along with the
bare states of light we construct a new basis defined as:
|M0〉 = |1〉⊗ |m˜0〉, |M+〉 = |0〉⊗ |m˜+〉, |M−〉 = |0〉⊗ |m˜−〉.
Then, we can write the cavity-molecule Hamiltonian in the
following form:
H =
ω1 + ∆ g+ g−g+ E+ 0
g− 0 E−
 , (7)
where ∆ = ωc − ω1 is the detuning between the cavity
mode and the QD1. Besides, g+ and g− are related to the
original light-matter interaction constants g1 and g2 by:
g+ = g1 cos θm + g2 sin θm; (8)
g− = −g1 sin θm + g2 cos θm. (9)
Here, the angle θm is determined by
tan 2θm =
2T
ω1 − ω2 . (10)
2.1.3. Polaritonic Basis Picture
Similarly, we can build up another basis that takes into
account a dressed state of a photon interacting with a sin-
gle quantum dot. In this case, we consider the bound state
between light and the QD1, i.e., the Hamiltonian for the
photon-QD1 subsystem is
HCav−QD1 =
(
ωc g1
g1 ω1
)
, (11)
that has the following dressed eigenstates,
|p˜+〉 = cos θp |0, X〉+ sin θp |1, G〉 , (12)
|p˜−〉 = − sin θp |0, X〉+ cos θp |1, G〉 , (13)
and we define a polaritonic ground state like |p˜0〉 = |0, G〉.
The corresponding eigenvalues are:
E
′
± =
1
2
(2ω1 + ∆) (14)
± 1
2
√
(2ω1 + ∆)2 − 4ω1(ω1 + ∆) + 4g21 ,
2
Figure 2: Schematic quasiparticle representations. (a) Two interacting quantum dots and a photonic cavity mode. (b) Effective molecule of
quantum dots interacting with a photonic cavity mode and (c) Effective polariton interacting with a quantum dot.
also, with this polaritonic basis, we propose a new basis for
the whole system, that corresponds to: |P0〉 = |p˜0〉 ⊗ |X〉,
|P+〉 = |p˜+〉⊗ |G〉, |P−〉 = |p˜−〉⊗ |G〉. Then, we can write
the polariton-QD2 Hamiltonian in the following form:
H =
E′+ 0 g′10 E′− g′2
g′1 g
′
2 ω2
 , (15)
here g′1 and g
′
2 are related to the original light-matter in-
teraction constants g2 and tunnelling T by:
g′1 = g2 cos θp + T sin θp; (16)
g′2 = −g2 sin θp + T cos θp, (17)
where the angle θp is determined by
tan 2θp =
2g1
∆
. (18)
In what follows we refer to the eigenenergies of the eigen-
states |λ+〉, |λ0〉, |λ−〉 of the Hamiltonian (2), (7) or (15)
as λ+, λ0 and λ−, respectively.
3. Results and discussion
Because the emission of light is related to the gap
structure in the energy band diagram, we plot the two
bandgaps dependence with tunnelling strength for two dif-
ferent operational regimes. In the first one, Fig. 3 (a),
g1 > g2, ω1 − ω2 > 0, and g− = 0, condition which yields
T = (ω1 − ω2)g1g2/(g21 − g22). This specific feature occurs
when the first bandgap is maximal and the second bandgap
is completely suppressed (vertical dashed line). In the sec-
ond regime, Fig. 3 (b), g1 < g2, ω1−ω2 > 0, and g+ = g−,
condition which yields T = (ω1−ω2)(g22−g21)/4g1g2. Here
both bandgaps are the same and simultaneously maximal
(vertical dashed line). Note that, in the bandgap’s figures,
the values of λ− − λ0 and λ+ − λ0 have the same asymp-
totic limit as T → ∞ (horizontal dashed lines). These
quantities correspond to
√
2(g1+g2) and
√
2(g1−g2). Par-
ticularly, for both set of parameters used, they take the
numerical values 3
√
2 meV, and
√
2 meV. In the limit of
large molecular coupling, two eigenvalues have a linear be-
haviour with ±T , and the other one is linear in ∆. Besides,
Figure 3: (a)-(b) The bandgaps: λ−−λ0 (green)-(cyan) and λ+−λ0
(orange)-(brown), as a function of the tunnelling strength T . The
parameters used are: ω1 = 1005 meV, ω2 = 1000 meV in all cases,
g1 = 2 meV, g2 = 1 meV in (a)-(c) and g1 = 1 meV, g2 = 2 meV in
(b)-(c). (c)-(d) show bandgaps positions ∆c as function of T . Verti-
cal dashed lines identify critical bandgap conditions Tc = 3.3 meV —
(a) case 1— and Tc = 1.875 meV —(b) case 2—. Horizontal dashed
lines show the bandgaps asymptotic behaviour.
the critical detuning ∆c also follows the same linear be-
haviour. This fact entails the limiting previously explained
bandgaps conditions. Figs. 3 (c)–(d) show bandgaps posi-
tion ∆c as a function of T ; despite the apparent similarity
of these two plots, it is possible to observe the detuning
shift for each regime. In this scenario, we consider three
particular situations. Case 1: maximal first bandgap and
complete suppression of the second bandgap; case 2: simul-
taneous maximal gap condition; case 3: strong molecular
coupling.
3.1. Case 1: Maximal first bandgap and complete suppres-
sion of the second bandgap
Making g− equal to zero in expression (9), what sup-
presses the first bandgap, we can solve for θ in the interval
[0, pi/2]. In this case, the cavity mode decouples from the
lower molecular state yielding |M−〉. The Fig. 4 (a) shows
the complete energy eigenvalues for the system: λ−, λ0,
λ+. This plot was made with the following parameters:
3
Figure 4: Energy eigenvalues for the three different regimes. (a) Case 1: Maximal first bandgap and complete suppression of the second
bandgap with: g1 = 2 meV, g2 = 1 meV, T = 3.3 meV. (b) Case 2: Simultaneous maximum gap condition with: g1 = 1 meV, g2 = 2 meV,
T = 1.875 meV. (c) Case 3: Strong molecular coupling with: g1 = 1 meV, g2 = 2 meV, T = 100 meV. In all cases ω1 = 1005 meV and
ω2 = 1000 meV. Grey dashed lines show the bare energies.
ω1 = 1005 meV, ω2 = 1000 meV, g1 = 2 meV, g2 = 1 meV,
T = 3.3 meV. The first energy bandgap is suppressed for
∆ = −6.1 meV and this condition maximises the second
bandgap for ∆ = 1.6 meV; the corresponding bandgaps
are ω = 0 meV and ω = 4.47 meV, respectively.
In Fig. 5 we depict three panels for the Case 1: a)
Eigenstates in Bare Basis, (b) Eigenstates in Molecular
Basis, and (c) Eigenstates in Polaritonic Basis. Each one
contains the fractional composition, the linear entropy cal-
culated by SL = 1−Tr(ρ2) [33] and the concurrence calcu-
lated by C(ρ) = max{0, λ1−λ2−λ3−λ4}, where the λi’s
are the square roots of the eigenvalues of ρρ˜ in descending
order. Here ρ˜ is the result of applying the spin-flip oper-
ation to ρ: ρ˜ = (σy ⊗ σy)ρ∗(σy ⊗ σy), and the complex
conjugation is again taken in the σz basis [34]. Panel (a)
shows the fractional composition as a function of detuning
∆; it indicates that this description fails to provide a use-
ful quasiparticle scheme to understand the whole physical
mechanisms that are involved in this regime. Moreover,
it shows relevant contributions of each component (bare
states) for different values of ∆. In particular, we point
out the value of ∆ = 1.6 meV, where the anticrossing ap-
pears. Linear entropy and concurrence confirm that no
bare state is enough to comprehend the main features of
entanglement of the system, they only show entanglement
between partial subsystems; then, a global quasiparticle
cannot be appreciated.
The Molecular Basis is used to plot the Hamiltonian
eigenstates in panel (b). Once again, contrary to intuition,
this basis fails to give a whole quasiparticle scheme. In this
case, only the vector |M−〉 describes exactly an Hamilto-
nian eigenstate |λ0〉; but the other two, |λ+〉 and |λ−〉,
are mixed compositions of the vectors |M0〉 and |M+〉.
Because the state |M−〉 is decoupled from the other two
states, |M0〉 and |M+〉, the linear entropy and the concur-
rence are the same, but it takes only a maximum value in
the anticrossing condition.
Finally, panel (c) displays a description in the Polari-
tonic Basis. In this case, the fractional composition shows
that each vector of this basis identifies by itself the quan-
tum correlations of the Hamiltonian eigenstates. The Hamil-
tonian is almost diagonal in this polaritonic basis; there-
fore it gives a useful quasiparticle scheme to interpret the
underlying physical processes.
3.2. Case 2: Simultaneous maximal gap condition
In Case 2, we consider g+ = g− in the expression
(7). This condition provides the simultaneous maximi-
sation of energy bandgaps in both anticrossings as it is
shown in Fig. 4 (b). This anticrossings appear in values
of ∆ = −5.1 meV and ∆ = 0.1 meV (vertical dashed lines)
and the corresponding bandgap in each ∆ is ω = 3.05 meV.
In this case, we can see again that the bare basis cannot
catch an effective description in terms of quasiparticles for
the whole system. This is because, in this basis, the en-
tanglement properties between the component states are
maximal at different values of ∆ as it is shown by the
linear entropy and concurrence in fig. 6 (a). The last
argument is again valid for the case of molecular basis,
Fig. 6 (b), despite that the number of maxima of entan-
glement is diminished, they are still present. Therefore,
this representation is not convenient. Finally, the polari-
tonic representation is, again, able for tackling the main
features of this regime. The fractional composition shows
that is possible to identify many regions where the polari-
ton representation captures the essential structure of the
Hamiltonian eigenstates. For instance, the linear entropy
for the eigenstates |λ+〉, |λ0〉, and |λ−〉 shows that, at res-
onance ∆ = 0 meV, they can be well described by |P−〉,
|P+〉, and |P0〉, respectively. A good criterion to determine
if the basis match well with the Hamiltonian eigenstates is
to get shallow values of linear entropy, S,
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Figure 5: Case 1: Maximal first bandgap and complete suppression of
thy second bandgap. The set of parameters is: ω1 = 1005 meV, ω2 =
1000 meV, g1 = 2 meV, g2 = 1 meV, T = 3.3 meV. (a) Fractional
Composition, Linear Entropy and Concurrence for the Eigenstates
in Bare Basis. (b) and (c) for the Eigenstates in Molecular Basis and
Eigenstates in Polaritonic Basis, respectively.
Figure 6: Case 2: Simultaneous maximum gap condition. The set of
parameters are: ω1 = 1005 meV, ω2 = 1000 meV, g1 = 1 meV, g2 =
2 meV, T = 1.875 meV. (a) Fractional Composition, Linear Entropy
and concurrence for the Eigenstates in Bare Basis. (b) and (c) for the
Eigenstates in Molecular Basis and Eigenstates in Polaritonic Basis,
respectively.
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Figure 7: Case 3: Strong molecular coupling. The set of parameters
are: ω1 = 1005 meV, ω2 = 1000 meV, g1 = 1 meV, g2 = 2 meV,
T = 100 meV. (a) Fractional Composition, Linear Entropy and Con-
currence for the Eigenstates in Bare Basis. (b) and (c) for the Eigen-
states in Molecular Basis and Eigenstates in Polaritonic Basis, re-
spectively.
which is calculated, for each quasiparticle, tracing over the
two remaining subsystems.
3.3. Case 3: Strong Molecular Coupling
As in the two cases above, we consider another situ-
ation of interest: Strong molecular coupling where T 
g1, g2. In this regime the Hamiltonan, in the molecular
basis, reads
H =
∆ g+ g−g+ T 0
g− 0 −T
 , (19)
here, the molecular eigenstates have a linear behaviour
with ±T .
Two anticrossings are shown in Fig. 4 (c) for T =
100 meV. They appear in ∆ = −102.51 meV and ∆ =
97.53 meV. Fig. 7 (a)-(b)-(c) show that all basis are rela-
tively good for grasping the essential features of the sys-
tem in terms of a quasiparticle behaviour. The molecular
basis, Fig. 7 (b), does catch the desired behaviour in an
optimal way across the detuning range. The fractional
composition shows that the system is found prepared in a
pure state of each molecular mode. Moreover, the system
gets suddenly entangled, i.e., each molecular vector and
the photon shows a sharp peak of concurrence and linear
entropy. Despite, in this case, the molecular basis seems to
be a more suitable basis for a successful description. Bare
basis and polariton basis, Fig. 7 (a)-(c), remain to be able
to capture almost all the essential features of the system.
4. Conclusions
A comparison of three effective pictures of quasipar-
ticles was performed to represent the Hamiltonian eigen-
states for a two quantum dot-microcavity system. As a
general conclusion, we demonstrate that the polariton ba-
sis, i.e., dressed states of photon and exciton, can depict in
different regimes the physics contained in the Hamiltonian
model we are dealing with. This theoretical tool can be
useful to seek physical regimes where collective quasipar-
ticle modes are required and it gives experimental insights
to find them.
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